Using first-principles calculations based on density functional theory, we study the properties of germanium telluride crystalline nanoplatelets and nanoparticles. Above a diameter of 2.7 nm, we predict the appearance of polarization vortices giving rise to an unusual ferrotoroidic ground state with a spontaneous and reversible toroidal moment of polarization. We highlight the crucial role of inhomogeneous strain in stabilizing polarization vortices. Combined with the phase-change properties of germanium telluride, the ferrotoroidic properties could be of practical interest for ternary logic applications. DOI: 10.1103/PhysRevLett.103.247601 PACS numbers: 77.80.Bh, 61.46.Àw, 77.84.Às, 85.50.Gk Germanium telluride, GeTe, is well known for its phasechange properties [1] . The possibility to switch, by an intense laser pulse or Joule heating, between a metastable crystalline phase and an amorphous state which can be differentiated by large electrical and optical contrasts makes it extremely promising in view of memory applications [1] [2] [3] . Independently, and though it has been marginally discussed, GeTe is also a prototypical ferroelectric crystal with a spontaneous polarization, P % 60 C=cm 2 and a Curie temperature, T c % 720 K [4, 5] . In principle, its switchable spontaneous polarization offers an alternative possibility for data-storage applications but this is not practically exploited at the bulk level because of a too low resistivity due to a high concentration in intrinsic vacancies [6] .
Germanium telluride, GeTe, is well known for its phasechange properties [1] . The possibility to switch, by an intense laser pulse or Joule heating, between a metastable crystalline phase and an amorphous state which can be differentiated by large electrical and optical contrasts makes it extremely promising in view of memory applications [1] [2] [3] . Independently, and though it has been marginally discussed, GeTe is also a prototypical ferroelectric crystal with a spontaneous polarization, P % 60 C=cm 2 and a Curie temperature, T c % 720 K [4, 5] . In principle, its switchable spontaneous polarization offers an alternative possibility for data-storage applications but this is not practically exploited at the bulk level because of a too low resistivity due to a high concentration in intrinsic vacancies [6] .
Recently, GeTe nanowires have been synthesized [7, 8] , and a structural phase transition has been reported for diameters ranging from 20 to 200 nm and lengths up to $50 m [9] . At this stage, however, very little attention has been paid to the evolution of the ferroelectric properties in GeTe nanostructures, although ferroelectricity is well known to be strongly influenced by finite size effects [10, 11] . In ferroelectric oxides, it is now well understood that ferroelectricity is strongly dependent of electrical and mechanical boundary conditions [11, 12] . In thin films, it was demonstrated that in the absence of screening, the depolarizing field arising from the uncompensated polarization charges at the surface forbid the appearance of any net polarization below a critical thickness, and so suppresses the ferroelectric phase transition [13] . In isolated zero and one-dimensional structures such as nanodots, nanodisks, and nanorods, depolarizing issues also forbids the appearance of a ferroelectric ground state but it was shown using theoretical arguments, that an alternative type of phase transition may exist [14] . Using an effective Hamiltonian parameters' fitting to first-principles calculations of bulk crystals, Naumov and collaborators have first shown that the ground-state structure of BaTiO 3 and PbðZr; TiÞO 3 dots and wires is a distorted cubic structure in which local dipoles are arranged in an unexpected vortex pattern [15, 16] . This pattern does not induce any net macroscopic polarization (P ¼ N À1 P i p i ¼ 0, where p i is the local dipole of cell i located at R i , and N is the number of cells in the structure) but produces a toroidal moment of polarization defined as G ¼ 1 2N
The orientation of G can be either up or down depending whether the dipole moments rotate either clockwise or anticlockwise and an external control of G would open new opportunities for data-storage applications [15] . Different ways of switching G such as the use of transverse inhomogeneous electric fields [17] or a time-dependent magnetic field [15] have already been investigated at the theoretical level.
In this Letter, we demonstrate the existence of a spontaneous and switchable toroid moment of polarization in GeTe nanoparticles directly from fully atomistic firstprinciples calculations based on density functional theory. We discuss the evolution of the stability of polarization vortices with the size of the nanoparticle and highlight the existence of a critical radius for the appearance of a spontaneous G. We also point out the key role of inhomogeneous strains in stabilizing the vortex pattern and discuss potential applications of our findings.
Our calculations were performed within density functional theory (DFT) [18] , implemented in VASP package [19] . We used PAW potentials including Ge 4s 2 4p 2 and Te 5s 2 5p 4 electrons as valence states [20] . The exchangecorrelation potential was approximated within the generalized gradient approximation [21] . We worked with periodic boundary conditions. In order to avoid interactions between periodic replica and access the properties of isolated platelets, we included a 10 Å vacuum region in all directions. The convergence of the results in terms of the vacuum region was double checked from comparison with independent calculations by using the ABINIT [22] package,
week ending 11 DECEMBER 2009 0031-9007=09=103 (24)=247601 (4) 247601-1 Ó 2009 The American Physical Society which allows for the nonperiodic simulation of isolated structures using a wavelets basis [23] . The Brillouin zone was sampled at the À point only. We used a plane-wave basis set with a kinetic energy cutoff of 250 eV, which was checked to be sufficient to get fully converged results. The structure was relaxed using the conjugate gradient method with simultaneous minimization of the total energy and interatomic forces. The convergence on the energy was set to 10 À6 eV, and the maximum residual force allowed on each atom was fixed at 10 À3 eV= #
A. In what follows, we consider GeTe nanoplatelets which belong to a set of platelets similar to the one in Fig. 1(a) with generic formula n Â n Â 2, where n corresponds to the number of atoms along x and y directions and ranges from 4 (32 atoms) to 18 (648 atoms). Starting from a truncated bulk cubic rocksalt structure, we then performed full atomic relaxation in order to determine their groundstate structure.
As a first step, we wanted to identify the highestsymmetry paraelectric (PE) reference structure. We so performed full atomic relaxation under D 2d (P-42m) symmetry constraints, which forbid the appearance of any nonzero value of P or G. For the 16 Â 16 Â 2 platelet, we observed a global shrinking of the structure during the relaxation [ Fig. 1(b) ]. The bond lengths between nearest Ge and Te atoms (d Ge-Te ) in the core region of the relaxed structure range between 3.02 and 3.06 Å , which is similar to the paraelectric bulk-crystal value (3.01 Å ). However, the distribution of bond lengths is not homogenous and d Ge-Te is shorter for edge and corner atoms. The thickness of the nanoplatelet is also smaller than the shortest bond length and is equal to $2:7 # A due to surface relaxation effects. Looking at two consecutive planes along z, Ge (respectively Te) atoms move toward the interior (respectively exterior) of the cluster. Similar structural features are observed for the other platelet sizes. The evolution of the cohesive energy (E C ) is reported in Fig. 1(c) . It progressively increases with the size of the system and tends gradually to the value observed for an infinite bilayer structure (6:32 eV=pair), itself slightly smaller than the paraelectric bulk-crystal value (6:40 eV=pair). We also further considered the possibility of C 2v (Cmm2), and D 2 (P222) lower symmetry paraelectric structures but without any additional gain of energy, so confirming the D 2d character of the PE reference.
As a second step, we looked for possible structural distortion patterns able to further decrease the energy of the D 2d paraelectric reference. To that end we performed new structural relaxations without imposing any symmetry constraint. For the 16 Â 16 Â 2 platelet, we obtained a new ground-state structure with S 4 (P-4) symmetry, whose total energy is 740 meV (i.e., 2.89 meV per GeTe pair) below that of the PE reference.
In order to better characterize the type of atomic distortion which gave rise to this ground-state configuration, we computed the difference of atomic positions, Ár Coherently with the S 4 symmetry, the arrangement of dipoles is such that the macroscopic polarization P is exactly zero, which confirms the suppression of ferroelectricity due to depolarizing field issues in absence of screening. However, as can be anticipated from the arrangement of dipoles, there is a nonzero toroidal moment of polarization G oriented along z [ Fig. 1(a) [15] . This confirms at the first-principles level that local polar distortions are not suppressed in isolated ferroelectric nanoparticles but are rearranged in an unusual vortex pattern to accommodate the electrical boundary conditions. As might have been anticipated, starting from the paraelectric reference, the atomic distortions can be frozen in such a way that local dipoles rotate clockwise or anticlockwise, yielding two equivalent energy minima with a spontaneous macroscopic G or ÀG and a typical internalenergy double well [ Fig. 3(b) inset] similar to that of usual ferroelectrics. However, since the order parameter is no more P, such a system cannot strictly speaking be called ferroelectric and will rather be referred here to as ferrotoroidic (FT) with an order parameter G.
The amplitude of the internal-energy double-well depth, ÁE DW , is significant but small for the 16 Â 16 Â 2 nano- 
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week ending 11 DECEMBER 2009 platelet (2.89 meV per Ge-Te pair) so that we anticipate a low critical temperature T c for the FT phase transition. However, this critical temperature will increase with an increasing system size. The evolution of ÁE DW and G with the size of the platelet is summarized in Fig. 3 , highlighting the existence of a critical size for the appearance of the FT distortion. Up to n ¼ 8, the system remains paraelectric down to 0 K while at n ¼ 10 it will start developing a nonzero G [26] . The amplitude of G then progressively increases with n together with the double-well depth amplitude and the related value of T c .
In Fig. 3(a) , we also report in inset a top view of the local dipole pattern p i for n ¼ 10 and n ¼ 16. The amplitude of the FT distortion is reduced in the center of the platelet and then increases with R. In the subsurface layer however, in which the surface relaxation is large [ Fig. 1(b) ], the amplitude of the motion significantly decreases again. From  Fig. 3 , it appears that the FT distortion cancels out when the central and surface regions with reduced distortions start overlapping.
We did not only consider the square platelets, but rounder geometries in which 1 to 3 Ge-Te pairs at each corner have been removed as well. In these structures a similar vortex pattern is obtained with only a slight reduction in E C and G as shown in Fig. 3(a) . This indicates that the formation of vortex pattern is not particular to a specific shape.
We also looked at the evolution of G with the thickness m of the platelets. The results are summarized in Fig. 3(c) . They reveal that, contrary to what happens with the radius of the platelet, G very rapidly saturates to a constant value with thickness.
When building model Hamiltonians to study the behavior of ferroelectric nanodots, the main degree of freedom is typically the local polar distortion associated to the bulk ferroelectric soft mode. Looking at Fig. 2(a) , we see here that Ge and Te atoms are displaced locally in nearly perpendicular directions, which contrasts with what would be expected from a simple condensation of the local distortion associated to the bulk ferroelectric soft mode. In order to clarify this behavior, we decomposed the distortion Ár 
The results are illustrated in Figs. 2(b) and 2(c) for the 16 Â 16 Â 2 nanoplatelet. The first contribution i is a nonpolar distortion which can be interpreted as an inhomogeneous strain relaxation [27] and we checked for all sizes that the condensation of i alone never decreases the energy, confirming the D 2d character of the PE reference.
The second contribution
Ge;Te i is the polar motion related to the bulk ferroelectric soft mode. It is the primary order parameter of the FT phase transition but surprisingly, this single distortion only becomes unstable in n Â n Â 2 nanoplatelets for n larger than 14 and, alone, yields a much weaker gain of energy than the one reported for the ground state. This points out the crucial role of the coupling of i with the homogeneous strain relaxation i in order to stabilize the FT ground state and importance of properly including both degrees of freedom in model Hamiltonians intended to describe the properties of GeTe nanoparticles. Interestingly, in the range n ¼ 10-14, neither i nor i is individually unstable while it is only their coupling that is giving rise to the stabilization of the FT ground state. This suggests the existence of an unusual phase transition mechanism without any primary order parameter in the range of sizes and certainly motivates for further investigations. We have demonstrated here the existence of a spontaneous and switchable toroidal moment of polarization G in the crystalline phase of GeTe nanoplatelets. Beyond the fundamental interest of exploring ferrotoroidal properties at the nanoscale, these results are also of direct interest for technological applications. The amplitude of G in GeTe is comparable to what was previously reported in the class of ABO 3 compounds, which enlarges the field of investigations for memory devices exploiting the toroidal moment of polarization to an alternative type of compounds, not considered before and more compatible with the semiconductor technology. Going further, GeTe is not only limited to the applications envisaged for ABO 3 compounds, as its phase-change ability combined with this switchable toroidal polarization also makes it an adequate candidate for a 3-states recording (two crystalline states with þG and ÀG and one amorphous state) at the nanoparticle level. The idea of ternary logic appeared together with ternary computers decades ago and is subject to a renewed of interest [28] due to its intrinsic superiority to binary logic. We hope that the unexpected combination of properties offered by GeTe nanoparticles that opens new perspectives for datastorage applications will stimulate further studies and experimental validation of our theoretical findings.
